Offspring are often produced in excess as insurance against stochastic events or unpredictable resources. This strategy may result in high early-life mortality, yet age-specific mortality before offspring independence and its associated costs have rarely been quantified. In this study, we modelled age-specific survival from hatching to fledging using 24 years of data on hatching order (HO), growth and age of mortality of more than 15 000 common tern (Sterna hirundo) chicks. We found that mortality peaked directly after hatching, after which it declined rapidly. Mortality hazard was best described with the Gompertz function, and was higher with later HO, mainly due to differences in baseline mortality hazard, rather than age-dependent mortality. Based on allometric mass-metabolism relationships and detailed growth curves of starving chicks, we estimated that the average metabolizable energy intake of non-fledged chicks was only 8.7% of the metabolizable energy intake of successful chicks during the nestling phase. Although 54% of hatchlings did not fledge, our estimates suggest them to have consumed only 9.3% of the total energy consumption of all hatched chicks in the population before fledging. We suggest that rapid mortality of excess offspring is part of an adaptive brood reduction strategy to the benefit of the parents.
Introduction
Studies of age-specific mortality generally focus on quantifying the typically observed late-life increase that defines actuarial senescence [1] [2] [3] . Conversely, pre-independence mortality patterns receive less quantitative attention, despite the common notion that such mortality is high [4] [5] [6] [7] and has major implications for demography, ecology and evolution [8] [9] [10] [11] . While increasing late-life mortality can be evolutionarily explained by extrinsic mortality causing the strength of selection on survival to decline with age [12, 13] , high early-life mortality can only be evolutionarily explained by selection on kin [14] . Selection may favour parents to produce offspring in excess, as a means of bet hedging or insurance against stochastic events or unpredictable food resources [15 -17] , leaving many offspring to die under unfavourable conditions. In such cases, the premature mortality of individual offspring may free up resources for the remaining siblings directly or indirectly via beneficial effects on the parents' future reproduction.
Specifically for (but conceptually not limited to) birds, Lack [18] proposed that asynchronous hatching of offspring evolved to cause a clear size hierarchy among siblings that facilitates efficient brood reduction, via the rapid mortality of small siblings, when resources are limited. A declining probability to survive to independence with birth or hatching order (HO) is indeed frequently observed (e.g. [19] [20] [21] [22] [23] ). However, we are not aware of any quantitative evaluation of whether this is due to differences in age dependence of mortality & 2017 The Author(s) Published by the Royal Society. All rights reserved.
with sibling rank order, as opposed to differences in ageindependent, baseline, mortality. Moreover, quantitative information on how much parental investment is allocated to the non-surviving offspring, and how this depends on offspring mortality patterns appears to be lacking. Since the benefit of an efficient brood reduction strategy depends on its success in minimizing investment in the non-surviving offspring, we predict an efficient brood reduction strategy to be characterized by (1) the difference in mortality probability of offspring of different sibling rank order to be most pronounced directly after hatching, after which it decreases and results in a more equal baseline mortality hazard over the period in which offspring are dependent on parental care, and (2) in general, mortality of offspring to occur before considerable parental investment has been made. Conversely, in some bird species hatching asynchrony may be an unavoidable consequence of selection to minimize the time between egg laying and hatching [21] . Despite a disadvantaged start of the youngest sibling, parents in such cases may want to offset early chick mortality, which is commonly referred to as a brood survival strategy [20, 24] . Since young chicks typically have less energetic requirements and are more easily protected by the parents than old chicks, we would predict a brood survival strategy to be characterized by offspring mortality increasing with age, while they are dependent on parental care.
To test these predictions, we analysed a 24-year dataset of 15 823 offspring of a long-lived seabird; the common tern (Sterna hirundo). All offspring were of known HO and monitored from hatching until death or fledging, such that their age of mortality or fledging, was known. Moreover, these offspring were weighed on 51 410 occasions, providing growth curves of chicks that did and did not survive to fledging. Allometric mass-metabolism relationships of growing common terns [25] enabled us to estimate the relative energy expenditure of fledged offspring and offspring that died, for every age of mortality. Combining this estimate of energy consumption with observed and hypothetical agespecific mortality patterns allowed us to, for the first time, quantify the energy consumption of non-surviving offspring and therefore the relative energetic cost to parents, in a species in which the majority of hatched offspring typically does not survive to fledging.
Material and methods (a) Species and study population
The data come from a long-term population study of common terns in a mono-specific breeding colony located in Wilhelmshaven at the German North Sea coast (53836 0 N, 08806 0 E). Common terns are small migratory seabirds that are socially and genetically monogamous, and display biparental care [26] . Clutch size varies between one and three eggs and while failed clutches may be replaced, second clutches are extremely rare [26] . Eggs typically hatch with 1-2 day intervals, in the order of laying [27] . Males reach about 5% larger fledging mass than females, but this disparity only develops shortly before fledging [28] and offspring sex does not vary systematically with HO [29] . Recruited offspring on average have a lifespan of about 10 years, but so far the oldest bird in the colony reached an age of 26 years.
The Wilhelmshaven colony site consists of six artificially constructed rectangular concrete islands, each measuring 10.7 Â 4.6 m and surrounded by 60 cm high walls. The walls protect against flooding and prevent chicks from leaving the islands before fledging. Since 1992 all nests were systematically checked three times a week, throughout the entire breeding season (May -August). At these checks, all newly hatched chicks were ringed and their age was estimated in days (between 0 and 2 days old), based on a general impression of size, dryness of down feathers and the retraction of the yolk sac. In a minority of cases where multiple chicks of the same brood were estimated to be of the same age, they were still assigned a separate HO based on the above criteria. This allowed all chicks to be reliably assigned to the clutch they hatched from, and to be assigned a HO. Brood size (BS) was defined as the number of chicks that hatched. At all subsequent checks the chicks' status was registered (alive/missing/dead), and at approximately half of the checks they were weighed, to the nearest gram, with a digital balance. Missing chicks that were not yet at a stage ready to fledge were assumed to have died because of intraspecific aggression, as cases of small chicks getting thrown in the water by adult conspecifics are regularly witnessed. Between 1992 and 2015 the annual number of breeding pairs averaged 331 and ranged between 90 and 580.
(b) Survival analyses
The 'time to mortality' for each hatchling was defined as the number of days between hatching and an observed death or missing status, or to the age of 24 days. Since the earliest fledglings fledge 24 days after hatching, chicks that survived to 24 days were considered as fledged and analysed as right-censored cases, i.e. the death event was not observed during the checks. Among 15 823 individuals that hatched from 1992 to 2015, 8556 (54.1%) individuals died during the first 24 days, while 7267 survived to at least 24 days. We assumed the 'time to mortality' for individuals that died at the day of hatching to be 0.1, as not all survival functions in R could deal with survival time being zero.
First, we specified a survival distribution by comparing six common distributions (generalized-gamma, Weibull, exponential, log-logistic, log-normal, Gompertz). The Gompertz distribution provided the best fit according to Kaplan -Meier estimates as well as Akaike information criterion (AIC) values (electronic supplementary material, figure S1 and table S1). Hence, we assessed the effects of HO on the age-specificity of survival with the Gompertz survival model. The Gompertz hazard function is defined by a scale parameter a, a shape parameter b and time t: hðt, a, bÞ ¼ a Â expðb Â tÞ where a is typically considered as the baseline mortality and b as the dependency of mortality on age (t) [30] .
Since HO is not independent from the BS and a previous study [31] identified a six-level categorical variable (i.e. all possible combinations of BS and HO: 1.1, 2.1, 2.2, 3.1, 3.2, 3.3, see electronic supplementary material, table S2 for sample sizes per category) to provide the best fit when modelling survival to fledging (effectively indicating a significant interaction effect between BS and HO on survival), we used this categorical variable to estimate the age-specificity of survival for the different HOs. We also included 'year' as a categorical covariate, because survival to fledging varies considerably between years [31] . After testing for differences in baseline survival between HOs (by varying a), we tested (by varying b) whether an additional term that allowed the shape parameter of survival with age to differ for each HO improved model fit. Models were ranked according to their AIC value, but the survival and hazard functions for each HO category were plotted without 'year' in the model, to allow a better comparison with the raw data (averaged over all years). We plotted the natural logarithm (ln) of the hazard function, as linear patterns allow for easier rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162724 interpretation of differences in baseline and age-dependent mortality between HOs.
All parametric survival models were run using the procedure 'flexsurvreg' in the package 'flexsurv' in R (v. 3.2.4).
(c) Growth analyses
Between 1992 and 2015, 51 410 measurements of age-specific body mass were obtained from 10 854 individual chicks. Of these chicks, 7240 (66.7%) reached the age of 24 days, while the other 3614 died at all possible ages (in days) prior to 24 days. The average number of age-specific body mass measurements per age of mortality was 341 (range: 77-897). Since growth curves differed between chicks of different ages of mortality, we estimated the growth function for each subset of chicks with different ages of mortality. Since starving chicks do not follow standard growth functions (after some age, mass no longer increases, or declines depending on the amount of previously increased mass) we fitted growth functions by sequentially adding higher-order terms of age (i.e. age, age 2 , age 3 , age 4 ) to models with body mass as the dependent variable, until the extra age term no longer provided a significant improvement ( p . 0.05). These models included brood ID and chick ID as hierarchically structured random effects. These analyses were performed in MLwiN v. 2.22 [32] and significance was determined using the Wald statistic, which approximates the x 2 distribution.
(d) Growth-specific metabolizable energy intake
We estimated the lifetime total metabolizable energy intake (in kJ) for chicks that died at each age of mortality, and the total metabolizable energy intake in the first 23 days after hatching for chicks that survived to day 24 (both hereafter referred to as total lifetime metabolizable energy intake (TME)). TME was calculated as the sum of daily metabolizable energy intake (DME) per group with different mortality age. DME was calculated using the following model [33] :
where DEE (kJ) represents daily energy expenditure, DM daily mass growth, and E d the energy density of fresh tissue. DEE was calculated following:
where M represents age-specific mass (g), as estimated with the age-of-mortality specific mass growth functions. The values of 0.88 and 1.183 were used as measured specifically for growing common tern chicks, with the doubly labelled water technique [25] . DM was estimated with the derivatives of the age-ofmortality-specific mass growth functions, and E d (kJ) following Klaassen [25] :
where 117 represents the average asymptotic mass (g) of common tern chicks (see Results). The values of 4.094 and 4.713 were used as estimated from fresh carcass analyses of three species of tern (common, arctic and sandwich tern) over the full-growth range, in which the common tern was closest to the average interspecific pattern [25] .
Results (a) Age-dependent mortality
The average pre-fledging age-dependent mortality hazard was accurately modelled as: h ¼ 0:113 Â expðÀ0:140 Â tÞ, with SEs of 0.0018 and 0.0022 for the baseline and agedependent mortality parameter, respectively. Allowing the baseline mortality to vary with year and the six combinations of HO and BS considerably improved model fit (DAIC ¼ 24817, electronic supplementary material, table S3), as did additionally allowing for differences in age-specific mortality (DAIC ¼268, electronic supplementary material, tables S3 and S4). Model predictions closely followed the raw data (figure 1a), and indicated that mortality was highest directly after hatching for all combinations of BS and HO, but that earlier hatchlings from larger broods had a lower baseline mortality hazard (figure 1b). Differences in the age-specific mortality pattern between chicks were small and mostly due to the mortality hazard of single chicks to decline more steeply with age (figure 1b).
(b) Age-of-mortality-specific growth and energy intake
Chicks that died relatively early stopped gaining mass, with mass remaining roughly constant in the few days before their death (figure 2a). Chicks that died at a later age had gained more mass early, but lost mass preceding their death (figure 2a). Overall, chicks that died before fledging grew less than the ones that survived. The fastest point of growth of chicks that fledged occurred at around day 8, and they reached an asymptotic mass of approximately 117 g ( figure 2b ). All age-of-mortality-specific growth functions are presented in electronic supplementary material, table S5. Estimated TME increased with age of mortality, but this increase was relatively slow for mortality in the first week after hatching (approx. 40 kJ d 21 , figure 3 ). After the first 
(c) Relative energy consumption of excess offspring
To calculate the average TME of chicks that died before fledging, we multiplied the probability of a chick to die at a specific age (figure 4) with the estimated TME of chicks that died at that age ( figure 3 ), for all ages of mortality, and divided this by the total proportion of chicks that did not fledge (0.54). This yielded an estimate of 363.0 kJ of average metabolizable energy consumed by chicks that died before fledging. This is 8.7% of the estimated metabolizable energy intake of a successful chick before fledging (4166.6 kJ). Hence, despite 54% of chicks dying prior to fledging, at the population level these chicks only consume 9.3% of the total pre-fledging metabolizable energy intake of all hatchlings (i.e. 0.54 Â 363.0 kJ/(0.54 Â 363.0 kJ þ 0.46 Â 4166.6 kJ)).
To put this value into perspective, we compared our estimate with one obtained using a hypothetical scenario of constant mortality with age, but the same probability of fledging (i.e. h ¼ 0.0325, figure 4 ). This resulted in 999.8 kJ of metabolizable energy expended by non-successful chicks; 2.8 times that of the scenario with observed mortality and 24.0% of the estimate for a successful chick. In this hypothetical age-specific mortality scenario, 22.0% of the total metabolizable energy intake of all hatched chicks in the population before fledging would be consumed by the chicks that do not fledge.
Discussion
We found very high chick mortality, with more than half of hatchlings not surviving to fledging. This is typical for common terns [34, 35] and not indicative of a population with poor reproductive success, as the study population is thriving and numbers of natal philopatric breeders are growing. Instead, producing offspring in excess most likely reflects an evolved response to stochastic offspring mortality (e.g. accidental egg loss, predation) and food conditions during chick rearing being unpredictable at the time of laying [36] . Local food abundance for common terns in our study colony is highly variable, and covaries positively Figure 3 . Estimated lifetime total metabolizable energy intake (TME) for each age of mortality (grey bars) and TME in the first 23 days after hatching for chicks that fledged (black bar). . Survival (upper lines) and corresponding mortality probability density functions (lower lines) for the observed age-specific mortality (solid lines; Gompertz distribution) and for a hypothetical scenario with a constant mortality hazard with age, but the same probability to survive until age 24 (dashed lines; exponential distribution).
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with annual fledging success of hatchlings [37] . Moreover, weather conditions like wind and rainfall can adversely affect the terns' ability to catch prey [38] , providing an extra within-season level of unpredictability of their ability to acquire food for their chicks. Given that even in the best years fledging success only reached 75% [31] , stochastic offspring mortality is also relatively important. Classic theory on the evolution of hatching asynchrony proposes that a hierarchy among hatchlings facilitates rapid brood reduction when food is limiting [18] . This is supported by our recent finding that the negative effect of HO on fledging probability is particularly strong in years with low fledging success [31] . As such, we predicted the effect of HO on mortality to be expressed mostly early after hatching, with mortality hazards of different HOs coalescing towards fledging. Although mortality hazards indeed declined from hatching onwards, relative differences between HOs remained relatively stable with age (figure 1b). Perhaps this increased vulnerability of later hatchlings throughout the pre-fledging phase is an unavoidable epiphenomenon of parents promoting brood reduction with lower baseline investment in later hatchlings, as evident from egg size decreasing with laying order in common terns [35, 39] . Alternatively, food shortage may sometimes only occur late in the pre-fledging phase and delay brood reduction. Interestingly, chicks with no siblings showed a stronger decline in their age-specific mortality hazard than first-hatched chicks with younger siblings (figure 1b). This may be explained by firsthatched chicks occasionally being outcompeted by their later-hatched siblings, and thereby also becoming the victim of brood reduction. Single chicks by definition cannot experience survival costs of sibling competition, and therefore their survival prospects, although initially low due to small broods being mainly tended by young parents inexperienced at provisioning [40] , may increase faster with age.
An overall pre-fledging mortality of 54% may appear wasteful from the parents' perspective. However, we estimated that, at the population level, non-fledged chicks consumed only approximately 9%, rather than 54%, of the total metabolizable energy intake of all chicks in the nestling phase. This is only a rough estimate of the relative energetic cost of excess offspring to the parents, as our calculation does not include the energy offspring require from the egg and incubation [41, 42] , and between fledging and independence. Nor does it correct for the fact that starving offspring may expend less energy on activity because they become lethargic before they die. In order to estimate the exact amount of parental investment that is wasted on excess offspring in an evolutionary context one would need to measure the loss in residual fitness parents spend on non-fledged chicks. Considering the practical difficulty of achieving this, the closest approximation of the parental fitness cost that originates in the nestling phase may be our estimate of relative energy consumption of excess offspring, as life-history theory assumes that conversion of resources, such as energy, into fitness is maximized and that resources can be allocated between fitness components [43] . Indeed, an additional analysis regarding the age of sibling mortality in broods in which at least one chick did not fledge revealed that fledged chicks attained higher fledging mass if their unsuccessful siblings died at an earlier age (electronic supplementary material, figure S2 and table S6), indicating that resources saved by the early mortality of excess offspring are allocated at least partly to the remaining siblings. Future work may address whether such savings are also allocated to parental maintenance and benefit the parents' future reproductive success.
Our calculations also illustrate that the observed early chick mortality reduces the energetic cost of producing offspring in excess, since a mortality hazard constant with age, but leading to the same fledging success, would increase energy consumption of excess offspring by a factor 2.8 in the nestling phase. It is difficult to hypothesize what age-specific offspring mortality pattern would be predicted if parents would aim to keep their offspring alive as long as possible. However, based on offspring energetic requirements increasing with age, this would most likely result in an increase in mortality hazard with age, leading to a much greater cost of excess offspring. Hence, early mortality of offspring may evolve as an adaptive strategy that allows parents to profit from unpredictably good conditions and insure against stochastic loss of offspring, with relatively few costs on average. In this respect, our estimates suggest that the occasional benefits of producing an opportunistic number of offspring may not need to be very high to offset the costs. In general, estimates like ours may help to inform models of optimal family planning in unpredictable environments [16, 17, 44] and our study illustrates how early mortality may be adaptive.
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